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INVESTIGATION OF NON-LINEAR ADAPTIVE RESPONSES AND SPLIT DOSE
RECOVERY INDUCED BY IONIZING RADIATION IN THREE HUMAN EPITHELIAL DERIVED CELL LINES

Lorna A. Ryan, Colin B. Seymour and Carmel E. Mothersill 䊐 Medical Physics
and Applied Radiation Sciences Department, McMaster University, Hamilton,
Ontario, Canada L8S 4K1 and Juravinski Cancer Centre, 699 Concession St.,
Hamilton, Ontario, Canada L8V 5C2
䊐 Two almost completely exclusive fields in radiobiology deal with splitting doses of radiation and comparing the effect to a similar total dose given in one exposure. In radiotherapy, dose “fractionation” is used to “spare” normal tissue and in the low dose field, the
adaptive response is well documented as a phenomenon where a small “priming” dose
administered before the larger “challenge “ dose reduces the effect of the large dose.
There have been very few studies where these fields overlap, thus it is not possible to ascertain whether common or distinct mechanisms underlie both phenomena but this is certainly an interesting question and relevant to our understanding of high and low dose
radiobiology. This paper presents data for three human cell lines with varying p53 status
and radiation responses, treated at a range of times between first and second dose and for
3 different first doses (0.1, 0.5 and 2Gy). The data show that time between doses is critical. Protective (adaptive) effects were seen in each cell line but most prominently in the
malignant HT 29 cell line. Surprisingly none of the cell lines showed pronounced split
dose recovery. This suggests different mechanisms may underlie the two phenomena.

Keywords: ionizing radiation, adaptive response, non-linear dose response, keratinocytes, human cell
lines,

INTRODUCTION

It has been well documented that cells respond to the harmful effect
of exposure to ionizing radiation by inducing protective mechanisms
(Azzam et al. 1994; Alsbeih et al. 1999; Adelstein 2003). The classic adaptive response and induced resistance to clinical-sized priming doses from
split-dose recovery are forms of induced repair responses previously
described (Alsbeih et al. 1999).
The adaptive response is a biological phenomenon in which resistance to a challenging dose of radiation is established by a very small preceding “priming” dose (Olivieri et al. 1984; Wolff 1998; Kadhim et al. 2004;
Tapio and Jacob 2006). The adaptive response was first hypothesized after
observations that prior exposure to low doses of radiation left cells more
resistant to the effects of a higher subsequent dose (Olivieri et al. 1984;
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Wolff 1998). This priming dose has been shown to increase cloning efficiency as well as to reduce mutation frequency and micronucleus formation (Smith and Raaphorst 2003; Zhou et al. 2003).
Split dose recovery (also known as Elkind recovery) is defined as causing a decrease in radiation effect if a single dose is split into two fractions
separated by time. Split-dose recovery has been described in several cell
systems and is at least partly due to the repair of single and double stranded DNA breaks (Elkind and Sutton 1959; Elkind et al. 1967; Hall 2000;
Utsumi and Elkine 2001). Other hypotheses such as repair pool replenishment have been suggested (Orr et al. 1966a; Orr et al. 1966b; Malone
et al. 1971; Laurie et al. 1972; Malone et al. 1972; Orr 1984). Inducible
defenses such as those seen in classical adaptive response experiments
have been suggested to be involved in split dose recovery as well
(Seymour and Mothersill 1989; Mothersill and Seymour 1993). The result
of this effect is that cell populations have a higher resistance to a large
radiation dose if it is split into fractions with an interval between exposures to allow for recovery and repair. This effect is important in clinical
radiation therapy, and is the basis for the fractionated regimes used in the
treatment of malignancy. The molecular mechanisms governing this
response have yet to be completely elucidated.
In a previous study, our group investigated these cell lines for the
presence of an adaptive response (Ryan et al. 2009). A correlation was
found between the presence of an adaptive response and hyper-radiosensitivity/increased radioresistance (HRS/IRR). HRS/IRR is a phenomenon in which cells are exquisitely sensitive to acute doses of ionizing radiation typically below 0.2-0.3 Gy, but then show increased resistance above
this dose range (Mothersill et al. 2002). That is cell lines which had the
largest hyper-radiosensitivity/increased radioresistance had the greatest
radioprotection induced by the 0.1 Gy priming dose to subsequent high
doses. A protective classical adaptive response was not observed in the
radiosensitive HPV-G and HaCAT cell lines which are non-transformed
keratinocytes. These lines classically show a bystander effect (Lambin et
al. 1993) and this phenomenon is known to be associated with cell lines
which do not show HRS/IRR or adaptive response (Lambin et al. 1993;
Ryan et al. 2009). Clearly there is an interesting mechanism which directs
cells towards HRS/IRR/AR responses or towards bystander responses.
Our previous work with bystander effects and SDR suggest that SDR may
be associated with cell lines showing pronounced bystander effects
(Mothersill et al. 2002; Ryan et al. 2009), which would mean AR and SDR
should not be associated even though it would seem logical to expect
them to be related mechanistically.
These experiments were designed to examine how the adaptive
response for three cell lines depended on the magnitude of the priming
dose and the incubation period between priming and challenge doses.
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https://scholarworks.umass.edu/dose_response/vol7/iss4/2

2

Ryan et al.: Non-linear response to radiation in three cell lines

L. A. Ryan and others

Cells were exposed to 0, 0.1, 0.5 or 2 Gy doses at various intervals prior to
a 2 Gy challenge dose. The 0.1 and 0.5Gy doses would be regarded as
“priming” doses while the 2x2Gy dose is a classic split dose used in radiotherapy.
MATERIALS AND METHODS
Cell Lines

HPV-G cells were originally obtained as a gift from Dr. J. Di Paolo,
NIH, Bethesda, MD. These cells are non-transformed human keratinocytes immortalized by the HPV 16 virus (HPV-G), in these cells p53
has been suppressed by E6 protein but they express approximately 30%
of the wild-type protein (Pirisi et al. 1992; Mothersill and Seymour 2001).
HaCAT cells were originally obtained as a gift from Dr P. Boukamp,
DKFZ, Germany. These cells are immortal but non-transformed human
keratinocytes, with a point mutation in TP53 on one allele and a deletion
of the gene in the other allele, therefore they half the gene dose of
mutant p53 (Boukamp et al. 1990; Lehman et al. 1993; Datto et al. 1995).
HT29 cells were obtained as a gift from Dr M. Joiner, Karmanos Cancer
Institute, Wayne State University, Detroit, MI. HT29 cells are derived from
a human colon adenocarcinoma, are radioresistant and have mutant p53
status (Popanda et al. 2000; Mothersill et al. 2004).
Cell Culture

All reagents for cell culture were obtained from Gibco (Grand Island,
NY) unless otherwise stated. All cell culture was performed in a class two
laminar flow cabinet. Cell stocks were maintained in 250 ml flasks in 30
ml of medium. The cell lines were all adapted over 6 months to grow in
Dulbecco’s MEM:F12 (1:1) containing 10% fetal calf serum, 10 U ml-1
penicillin and 10 µg ml-1 streptomycin sulphate, 25mM Hepes buffer and
1µg ml-1 Hydrocortisone (Sigma, St Louis, USA ). Cells were incubated at
37ºC with 5% CO2 in air and 95% relative humidity. Subculture was routinely performed when cells were 80-100% confluent using a 1:1 solution
of 0.25% trypsin and 1 mM EDTA at 37°C.
Irradiation

Cells were irradiated in T-25 flasks six hours after plating using a
cobalt-60 teletherapy source (Juravinski Cancer Centre, Hamilton,
Ontario) at a flask to source distance of 80 cm and a field size of 35x35
cm. The dose rate during these experiments was approximately 1.7 Gy
min-1. TLDs were used to confirm that the appropriate dose was delivered. Flasks were returned to the incubator immediately after irradiation.
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Clonogenic assay technique

The sensitivity of HPV-G cells to direct irradiation or exposure to irradiated cell conditioned medium (ICCM) was determined by the clonogenic assay technique. A detailed description of these methods are given
in Mothersill and Seymour (Mothersill and Seymour 1997). Briefly, subconfluent flasks received a medium change the day prior to experimentation. Cells were removed from flask by incubation in a 1:1 solution of
0.25% trypsin and 1 mM EDTA. After detachment the cells were washed
once, resuspended in fresh medium, and syringed gently to produce a
single cell suspension. To determine the number of viable cells, an
aliquot of the cell suspension was mixed with trypan blue exclusion dye
and counted using a hemocytometer. Appropriate cell numbers were
plated for survival analysis using the clonogenic assay technique of Puck
and Marcus (Puck and Marcus 1956). The number of cells plated was
selected to be within a range which ensured a linear relationship between
the number of cells plated and the number of colonies returned. Cell cultures were incubated for 10 days at 37ºC, 5% CO2 and 95% relative
humidity. The cells were then stained with CarbolFuschin (Ricca
Chemical Company, Arlington, TX) and colonies exceeding 50 cells were
scored as representing surviving cells.
Adaptive Response

For each dose point an appropriate number of cells was plated to
ensure a linear relationship between the number of cells plated and the
number of colonies returned. Cells were irradiated with the required
priming dose (0.1 or 0.5 Gy) 6 hours after plating. At the same time controls were sham irradiated and all cultures were then incubated for various intervals (0, 1, 3, 7, 9, 24 or 33 hours) prior to receiving a 2 Gy challenge dose. Colonies were scored after cell cultures were incubated for 10
days at 37ºC, 5% CO2 and 95% relative humidity. Colonies exceeding 50
cells were scored as representing surviving cells.
Split Dose Recovery

An appropriate number of cells were plated to ensure a linear relationship between the number of cells plated and the number of colonies
returned. Cells were irradiated with two 2 Gy doses. The first was administered 6 hours after plating. Single dose irradiation controls were irradiated with 4 Gy administered 6 hours after plating. Absolute controls were
sham irradiated. All cultures were then incubated for various intervals (1,
3, 7, 9, 24 or 33 hours) prior to receiving the second 2 Gy dose. Colonies
were scored after cell cultures were incubated for 10 days at 37ºC, 5%
CO2 and 95% relative humidity.
295
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Statistical analysis

Data are presented as means ± SEM for three independent experiments containing a minimum of three replicate flasks per experiment.
Significance was determined using the unpaired t test. In all cases p values ≤0.05 were determined to be significant.
RESULTS

The response of HaCAT, HPV-G and HT29 cells to ionizing radiation
is illustrated in Figure 1. The non-transformed cell lines (HaCAT and
HPV-G) showed similar responses for all doses less than 2 Gy. HaCAT cells
were more radiosensitive at doses greater than 2 Gy. Both of these cell
lines had a linear quadratic dose response curve, indicating repair at low
doses. The dose response curve for the malignant HT29 cell line showed
a hyper-radiation sensitivity response at low doses (<0.5 Gy), but was more
resistant to radiation at doses greater than 0.5 Gy.
Table 1 illustrates the relative change in the three cells lines pretreated with low-doses of radiation (0.1 or 0.5 Gy) prior to challenge dose
compared to controls without pretreatment. Values greater than unity
indicate greater cell survival for cells that received a small pretreating
dose. For the non-transformed cell lines (HPV-G and HaCAT) pre-treatment with low-doses of radiation shortly before the challenge dose (≤ 3
hours) stimulated cell lines, leading to increased survival (0.1 Gy priming
dose 3 hours prior to challenge, p = 0.032 and p = 0.003 for HPV-G and

FIGURE 1. Survival fraction for cell lines HaCAT (), HPV-G () and HT29 () after direct exposure to 60Co gamma radiation. Values are presented as the Mean ± SEM for n=9 from three experiment.
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TABLE 1. Relative change in survival fraction for cell lines receiving priming dose (0.1 or 0.5 Gy)
to unprimed controls. A significant change in survival after exposure to priming dose when compared to unprimed control is represented by ∗ (where p ≤0.05).
HPV-G

HaCAT

HT29

Time

p=0.1 Gy

p=0.5 Gy

p=0.1 Gy

p=0.5 Gy

p=0.1 Gy

p=0.5 Gy

0
1
3
7
9
24
33

1.00 ± 0.08
1.19 ± 0.05*
1.08 ± 0.05
0.98 ± 0.05
0.79 ± 0.06
0.73 ± 0.06
0.67 ± 0.04

0.72 ± 0.04
0.91 ± 0.02
0.94 ± 0.05
0.78 ± 0.04
0.54 ± 0.04
0.61 ± 0.04
0.92 ± 0.02

1.00 ± 0.05
0.91 ± 0.02
1.10 ± 0.05*
0.98 ± 0.03
0.76 ± 0.04
0.75 ± 0.04
1.00 ± 0.05

0.95 ± 0.05
0.83 ± 0.02
0.82 ± 0.04
1.08 ± 0.04
0.71 ± 0.03
0.78 ± 0.04
0.89 ± 0.04

0.91 ± 0.04
0.96 ± 0.03
1.15 ± 0.03*
1.18 ± 0.04*
1.00 ± 0.06
1.02 ± 0.03
1.08 ± 0.03*

1.03 ± 0.04
1.06 ± 0.02
1.18 ± 0.04*
1.18 ± 0.03*
0.71 ± 0.05
0.85 ± 0.04
0.92 ± 0.04

TABLE 2A. Summary Table for HPVG
Surviving Fraction

t=0
t=1
t=3
t=7
t=9
t=24
t=33

p=0

p=0.1

p=0.5

0.48 ±0.03
0.54±0.02
0.49±0.03
0.52±0.04
0.60±0.06
0.70±0.04
0.64±0.03

0.47 ±0.02
0.66 ±0.03*
0.53 ±0.02
0.50 ±0.03
0.46 ±0.05
0.52 ±0.04*
0.43 ±0.03*

0.34±0.02*
0.50 ±0.01*
0.47 ±0.02
0.41 ±0.04*
0.31 ±0.04*
0.43 ±0.02*
0.59 ±0.03

p-value
t=0
t=1
t=3
t=7
t=9
t=24
t=33

0.946
0.013
0.273
0.82
0.116
0.005
0.001

0.002
0.033
0.349
0.021
0.001
0.001
0.236

HaCAT respectively). However, enhanced cell killing was detected for
longer incubations periods (≥ 9 hours) between exposures. The malignant cell line HT29 showed a significant protective adaptive response for
cells which were exposed to a 0.1 Gy priming dose. This protection was
transient and was only present in cultures which received a priming dose
3 to 9 hours prior to challenge. In tables 2A, 2B, and 2C, the actual surviving fractions are shown without correction for plating efficiency of the
controls and without normalization to the unprimed control. This allows
a direct comparison of gross effect to be made and also reveals the effect
of time in culture post plating on the plating efficiency.
The relative change in survival for three cell lines exposed to three
different priming doses (0.1, 0.5 and 2 Gy) at various incubation periods
297
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TABLE 2B. Summary Table HaCAT
Surviving Fraction

t=0
t=1
t=3
t=7
t=9
t=24
t=33

p=0

p=0.1

p=0.5

0.42 ±0.02
0.51±0.02
0.44±0.02
0.41±0.02
0.47±0.03
0.62±0.03
0.55±0.03

0.42 ±0.01
0.46 ±0.03
0.49 ±0.02*
0.40 ±0.03
0.42 ±0.01
0.47 ±0.01*
0.55 ±0.02

0.40 ±0.01
0.42 ±0.01*
0.37 ±0.03*
0.44 ±0.02
0.39 ±0.01*
0.48 ±0.02*
0.49 ±0.02

p-value
0.966
0.189
0.039
0.591
0.077
0.001
0.998

t=0
t=1
t=3
t=7
t=9
t=24
t=33

0.498
0.001
0.035
0.361
0.006
0.001
0.136

TABLE 2C. Summary Table for HT29
Surviving Fraction

t=0
t=1
t=3
t=7
t=9
t=24
t=33

p=0

p=0.1

p=0.5

0.62 ±0.02
0.64±0.02
0.58±0.02
0.56±0.04
0.55±0.04
0.67±0.02
0.68±0.02

0.52 ±0.05
0.62 ±0.03
0.67 ±0.02*
0.66 ±0.03*
0.54 ±0.04
0.69 ±0.04
0.74 ±0.02*

0.64±0.02
0.68 ±0.01
0.68 ±0.03*
0.66 ±0.02*
0.39 ±0.02*
0.58 ±0.04*
0.64 ±0.04

p-value
t=0
t=1
t=3
t=7
t=9
t=24
t=33

0.25
0.356
0.001
0.050
0.953
0.736
0.045

0.497
0.09
0.001
0.022
0.001
0.038
0.237

is illustrated in Figure 2. For HPV-G cells, small priming doses initially
stimulated cell survival. Greater cell survival was observed for primed
samples when compared to unprimed samples for incubations periods
less than 3 hours for 0.1 and 0.5 Gy priming doses (at 1 hour SF0.1 + 2 = 1.19
± 0.05, p = 0.003). Increased cell killing was observed in 0.1 and 0.5 Gy
primed samples for incubation times greater than 8 hours. Large priming
298
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FIGURE 2. Relative change in survival for cells with 0.1, 0.5 Gy or 2 Gy priming dose after exposure
to 2 Gy challenge dose compared to cells which did not received sham prime irradiation. Three cell
lines were tested, HPV-G (A), HaCAT (B) and HT29 (C). Values are presented as the Mean ± SEM
for n=9 from three experiment.
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doses of 2 Gy did not protect cells from a subsequent challenge dose, that
is increased cell killing was observed in samples treated with 2 + 2 Gy compared to 0 + 2 Gy. Conversely, for the HaCAT cell line, small priming
doses initially caused increased cell death. Decreased cell survival was
observed for primed samples when compared to unprimed samples for
incubations periods less than 3 hours for 0.1 Gy, though this did not
reach statistical significance (at 1 hour SF0.1 + 2 = 0.91 ± 0.02, p ≥ 0.05).
Increased cell killing was observed for incubations greater than 9 hours
in the samples pre-treated with 0.5 Gy, however, this was not statistically
significant (p ≥ 0.05). Additionally the HaCAT cell line, demonstrated an
increased cell killing when compared to unprimed samples when pretreated with a large priming dose (2 Gy). The malignant cell line, HT29
displayed a typical protective adaptive response for incubation times less
than 8 hours. Survival fractions for both 0.1 and 0.5 Gy primed samples
were significantly greater than unprimed controls, for incubations times
between 3 and 9 hours (p ≤ 0.05). This cell line demonstrated that a large
priming dose (2 Gy) caused increased cell killing when compared to
unprimed samples.
The recovery response is a comparison of the survival at various incubation times to the response when treatment delivered as a single exposure. The response curve for cells exposed to different priming regimes
(0.1 + 2 Gy or 0.5 + 2 Gy) follows a similar trend for all cell lines tested,
that is a similar recovery response was observed for all cell lines when the
total single radiation exposure was compared to treatments separated
into two fractions irrespective of the priming dose.
Figure 3 shows the recovery factor for HaCAT, HPV-G and HT29 cultures which were irradiated with two 2 Gy fractions at various time intervals. The survival for the non transformed HaCAT and HPV-G cells initially decreased, however these cell lines demonstrated recovery when the
doses were split by incubations greater than 9 hours. From Fig. 3 it can be
seen that the HPV-G and HaCAT cell lines are initially more sensitive to
the fractionated regime than the single dose exposure, however cell survival increases as the culture is allowed longer to recover between doses.
A split dose recovery is observed for the HPV-G and HaCAT cultures with
greater than 9 hours incubation between fractions.
Cell survival for the malignant HT29 cell line either exposed to a single or split 4 Gy dose did not differ significantly for incubations less than
7 hours between exposures. Increased cell-killing was observed in the
HT29 cell line when the two fractions were separated by 9 hours
(Recovery factor2+2 = 0.70 ± 0.03, p = ≤ 0.001). Increased cell killing is
abolished for longer incubations between treatments.
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FIGURE 3. The recovery factor for HaCAT (), HPV-G () and HT29 () cell lines. The recovery
factor is the ratio of split dose (2 x 2 Gy) to single fraction 4 Gy for the various timepoints. Values are
presented as the Mean ± SEM for n=9 from three experiment.

DISCUSSION

In these experiments two different dose-response curves were
observed after cells were treated with direct 60Co radiation (Fig. 1). For
doses lower than 0.5 Gy the non-transformed cell lines HaCAT and HPVG demonstrated a shoulder of sub-lethal repair for low doses, while the
malignant HT29 cell line showed increased cell killing – a hyper-radiosensitivity response. This is in agreement with previous studies examining the
low dose properties of these cell lines (Lambin et al. 1993; Mothersill et al.
2002). It is also worth noting that the malignant cell line is substantially
more resistant to high radiation doses that the non-transformed “normal”
cell lines.
Three cell lines of various radiosensitivity and p53 status were investigated in the current study. The response of these cell lines to the various
treatment regimes was quite diverse, suggesting that the cell line used is
a critical factor. The non-transformed, radiosensitive HPV-G and HaCAT
cell lines did not demonstrate a classic adaptive response. These cell lines
demonstrated a prompt transient stimulation of survival in these cells
pre-treated with low-dose radiation prior to challenge dose. However, the
kinetics are not those typically expected by adaptive response, which predicts increased cell survival in cells pre-treated with a small “priming”
301
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dose prior to a larger challenge dose. HPV-G and HaCAT cell lines did
not exhibit classic split dose recovery for short incubations periods.
Indeed, incubations less than 8 hours induced increased-sensitivity in
these cell lines. On the other hand, the malignant, radioresistant HT29
cell line demonstrated a classic adaptive response/recovery. A similar
recovery response was induced by 0.1 Gy and 0.5 Gy priming doses in all
three cell lines; this would suggest that the magnitude of the priming
dose is irrelevant for recovery in these cell lines (Fig. 2). This appears to
be consistent with recent results published by Day et al. 2006, who
observed that priming doses of 0.001 – 10 mGy followed caused a similar
protective adaptive response.
HT29 was the only cell line of the three examined in this study to
exhibit a classic adaptive response (Fig. 2C). This cell line demonstrated
a radioprotective adaptive response 3 hours post-priming. This supports
the theory that the adaptive response is probably dependent on de novo
protein synthesis which results in upregulating DNA repair mechanisms
(Joiner et al. 1996). Nonetheless, the adaptive response seems to diminish
with increasing time interval between the priming dose and the challenge
dose. This suggests that the protein synthesized subsequent to the priming dose is short lived and subject to quick degradation and therefore
eliminates the effect shown by the priming dose.
In the current study, none of the cell lines showed split dose recovery.
A recovery factor of 1.1 – 1.3 was observed for the non-transformed
HaCAT and HPV-G cell lines when cultured for greater than 8 hours,
however, this is likely a result of cell division. This is in agreement with
earlier split dose recovery experiments with the HPV-G line (Mothersill
and Seymour 2002). The formation of micro-colonies was observed in
flasks plated with unirradiated cells over this time period (Fig. 4). For the
33 hour incubation time-point (38 hours post-plating) 33% of the HPV-G
cells had doubled. Therefore part of the increased survival observed in
the 33 hour split-dose recovery could be due to cell multiplicity. That is
when cells were exposed to the second radiation dose, a third of the cells
had divided therefore one would expect increased colony formation as
two cells would need to be lethally damaged in the microcolony to result
in no colony forming. Unexpectedly, no prompt repair of sub-lethal damage was observed in either of the sensitive cell lines (Fig. 3). Sub-lethal
damage is used here as a classical radiobiological term (Elkind et al. 1967)
used to explain why many mammalian cell lines show a “shouldered” dose
response when the data are plotted in semi-log format. These cell lines
showed an initial decrease in recovery factor indicating increased cell
killing for doses with a short interval between fractions when compared
to a single dose, a recovery factor of 0.9 and 0.8 were observed for a total
4 Gy dose over 3 hours for HaCAT and HPV-G respectively. It is possible
that the initial 2 Gy dose had left the cells in a stressed state resulting in
302
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FIGURE 4. The average number of cells per microcolony plotted against time post plating for each
cell line.

the generation of reactive oxygenation species which consequently resulted in increased sensitivity to subsequent doses. While this is perhaps speculative it is plausible and consistent with current paradigms which link
low dose effects to generalized stress responses (Taghian et al. 1993). Cells
typically cope with radiation-induced damage by activating repair mechanisms. This requires the synthesis of proteins which requires 2-3 hours.
The observed increased cell killing for doses split by less than 3 hours
may be a result of ineffective repair between doses compounded with the
increased cellular stress. Alternatively, these cells may have been synchronized by the first 2 Gy treatment, and have entered into a sensitive phase
of the cell cycle and therefore the second 2 Gy dose 3 hours later may
induce-increased cell killing.
The malignant HT29 cell line did not exhibit split dose recovery (Fig.
3). No change in survival was observed when the two 2 Gy treatments
were separated by less than 8 hours. The cell line was particularly sensitive when incubated for 9 hours between the two 2 Gy treatments. This is
a rapidly dividing cell line, and the initial treatment may have synchronised the cells into a sensitive G2/M phase for the second dose.
Unlike the adaptive response, increased cell survival due to split dose
recovery had a slower onset and was not observed for incubation times
less than 8 hours. The effect was greatest in the more sensitive non-transformed cell lines. It has previously been reported that the split dose
response was most effective 6 hours after irradiation (Taghian et al. 1993).
It has been well documented that exposure to low doses of radiation triggers different responses in cells than those activated by high doses
(Mothersill and Seymour 2006). The different kinetic responses observed
303
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for the two phenomena, the adaptive response and split dose recovery1
could signify that these two phenomena are a result of different mechanisms activated within cells. For example the ATM cascade is a well documented response of cells to radiation induced DNA damage (Lobrich
and Jeggo 2005; Pereg et al. 2006; Rashi-Elkeles et al. 2006). The activation
of ATM signaling by ionizing radiation causes chk2 mediated cell arrest
at G2/M, which has been shown to remain inactivated for doses below 0.4
Gy (Marples et al. 2003).
In summary these experiments showed no significant relationship
between the adaptive response and split dose recovery at doses relevant
in radiotherapy. Cells with the most pronounced adaptive response did
not show split dose recovery at all, while the non-transformed cell lines
showed no significant split dose recovery and a very transient adaptive
response. It would appear that the time between pre-treatment and challenge doses is important. The kinetic response occurred in two phases,
adaptive response/recovery was activated when the priming dose was
administered shortly before the challenge dose (0-8 hours). When the
two doses were separated by longer intervals, pre-treatment with low
doses prior to challenge, caused increased cell killing – a negative recovery or sensitisation resulting from the fractionated dose.
The findings have implications for our understanding of mechanisms
involved in recovery, repair and adaptive response.
ACKNOWLEDGEMENTS

This work was supported by NSERC Discovery and IRC grants and the
Canada Chairs Programme, Bruce Power, CANDU Owners Group and
OPG. The authors would like to thank Juravinski Cancer Centre Physics
Department for assistance irradiating samples and dosimetry.
REFERENCES
Adelstein SJ. 2003. Biologic responses to low doses of ionizing radiation: adaptive response versus
bystander effect. J Nucl Med 44:125-126
Alsbeih G, Fertil B, Boniver J, Malaise EP, and Raaphorst GP. 1999. Hypersensitivity to low single
doses and split-dose recovery: two manifestations of induced resistance that might be related.
Int J Radiat Biol 75:837-846
Azzam EI, Raaphorst GP, and Mitchel RE. 1994. Radiation-induced adaptive response for protection
against micronucleus formation and neoplastic transformation in C3H 10T1/2 mouse embryo
cells. Radiat Res 138:S28-S31
Boukamp P, Stanbridge EJ, Foo DY, Cerutti PA, and Fusenig NE. 1990. C-Ha-ras oncogene expression
in immortalised human keratinocytes (HaCAT) alters growth potential in vivo but lacks correlation with malignancy. Cancer Res 50:2840-2847

1
Ryan et al.2009. ‘Radiation-Induced Adaptive Response Segregates with Low-Dose
Hypersensitivity/Increased Radioresistance not the Bystander Effect’ submitted International
Journal of Radiation Biology.

304

Published by ScholarWorks@UMass Amherst, 2014

13

Dose-Response: An International Journal, Vol. 7 [2014], Iss. 4, Art. 2

Non-linear response to radiation in three cell lines
Datto MB, Li Y, Panus JF, Howe DJ, Xiong Y, and Wang XF. 1995. Transforming growth factor beta
induces the cyclin-dependent kinase inhibitor p21 through a p53-independent mechanism.
Proc. Natl. Acad Sci U.S.A. 92:5545-5549
Day TK, Zeng G, Hooker AM, Bhat M, Scott BR, Turner DR, and Sykes PJ. 2006. Extremely low priming doses of X radiation induce an adaptive response for chromosomal inversions in pKZ1
mouse prostate. Radiat Res 166:757-766
Elkind MM and Sutton HA. 1959. X-ray damage and recovery in mammalian cells in culture. Nature
184:1293-1295
Elkind MM, Sutton-Gilbert H, Moses WB and Kamper C. 1967. Sub-lethal and lethal radiation damage. Nature 214:1088-1092
Hall EJ. 2000. Radiobiology for the radiologist. 5th ed. Lippincott Williams & Wilkins, Philadelphia,
USA
Joiner MC, Lambin P, Malaise EP, Robson T, Arrand JE, Skov KA, and Marples B. 1996.
Hypersensitivity to very-low single radiation doses: its relationship to the adaptive response and
induced radioresistance. Mutat Res 358:171-183
Kadhim MA, Moore SR, and Goodwin EH. 2004. Interrelationships amongst radiation-induced
genomic instability, bystander effects, and the adaptive response. Mutat Res 568:21-32
Lambin P, Marples B, Fertil B, Malaise EP, and Joiner MC. 1993. Hypersensitivity of a human tumour
cell line to very low radiation doses. Int J Radiat Biol 63:639-650
Laurie J, Orr JS, and Foster CJ. 1972. Repair processes and cell survival. Br J Radiol 45(533):362-368
Lehman TA, Modali R, Boukamp P, Stanek J, Bennett WP, Welsh JA, Metcalf RA, Stampfer MR,
Fusenig N et al. 1993. p53 mutations in human immortalized epithelial cell lines.
Carcinogenesis 14:833-839
Lobrich M and Jeggo P. 2005. The two edges of the ATM sword: Co-operation between repair and
checkpoint functions. Radiother Oncol 76:112-118
Malone JF, Foster CJ, Orr JS, and Solomonides E. 1971. The effects on the survival of HeLa S-3 cells
of independent variations in the sizes of the first and the second X-ray doses in split dose experiments. Int J Radiat Biol Relat Stud Phys Chem Med 20(3):225-31
Malone JF, Hooper LA, Orr JS, and Greig WR. 1972. Repair of radiation damage to rat thyroid cells
in vivo: a highly-differentiated system. Int J Radiat Bio Relat Stud Phys Chem Med 21(5):503-510
Marples B, Wouters BG and Joiner MC. 2003. An association between the radiation-induced arrest of
G2-phase cells and low-dose hyper-radiosensitivity: a plausible underlying mechanism? Radiat
Res 160:38-45
Mothersill C and Seymour CB. 1993. Recovery of the radiation survival-curve shoulder in CHO-KI,
XRS-5 and revertant XRS-5 populations. Mutat Res 285(2):259-266
Mothersill C and Seymour CB. 1997. Medium from irradiated human epithelial cells but not human
fibroblasts reduces the clonogenic survival of unirradiated cells. Int J Radiat Biol 71:421-427
Mothersill C and Seymour C. 2001. Radiation-induced bystander effect: past history and future directions. Radiat Res 155:757-765
Mothersill C and Seymour CB. 2002. Bystander and delay effects after fractionated radiation exposure. Radiat Res 158(5):626-633
Mothersill C, Seymour CB, and Joiner MC. 2002. Relationship between radiation-induced low-dose
hypersensitivity and the bystander effect. Radiat Res 157(5):526-532
Mothersill C, Seymour RJ, and Seymour CB. 2004. Bystander effects in repair-deficient cell lines.
Radiat Res 161:256-263
Mothersill C and Seymour CB. 2006. Radiation-induced bystander effects and the DNA paradigm: an
“out of field” perspective. Mutat Res 597:5-10
Olivieri G, Bodycote J, and Wolff S. 1984. Adaptive response of human lymphocytes to low concentrations of radioactive thymidine. Science 223:594-597
Orr JS, Hope CS, Laurie J, and Stark JM. 1966a. Cellular control systems and radiosensitivity. Nature
210(5037):699-700
Orr JS, Hope CS, Wakerley SE, and Stark JM. 1966b. A metabolic theory of cell survival curves. Phys
Med Biol 11(1):103-108
Orr JS. 1984. Concepts, problems and the role of modifying agents in the relationship between recovery of cells’ survival ability and mechanisms of repair of the radiation lesions. Br J Cancer Suppl
6:1-6

305

https://scholarworks.umass.edu/dose_response/vol7/iss4/2

14

Ryan et al.: Non-linear response to radiation in three cell lines

L. A. Ryan and others
Pereg Y, Lam S, Teunisse A, Biton S, Meulmeester E, Mittelman L, Buscemi G, Okamoto K, Taya Y et
al. 2006. Differential roles of ATM and chk2-mediated phosphorylations of hdmx in response
to DNA damage. Mol Cell Biol 26:6819-6831
Pirisi L, Batova A, Jenkins GR, Hodam JR, and Creek KE. 1992. Increased sensitivity of human keratinocytes immortalized by human papillomavirus type 16 DNA to growth controls by retinoids.
Radiat Res 52:187-193
Popanda O, Zheng C, Magdeburg JR, Buttner J, Flohr T, Hagmuller E, and Thielmann HW. 2000.
Mutation analysis of replicative genes encoding the large subunits of DNA polymerase alpha
and replication factors A and C in human sporadic colorectal cancers. Int J Cancer 86:318-324
Puck TT and Marcus PI. 1956. Action of X-rays on mammalian cells. J Exp Med 103:653-666
Rashi-Elkeles S, Elkon R, Weizman N, Linhart C, Amariglio N, Sternberg G, Rechavi G, Barzilai A,
Shamir R et al. 2006. Parallel induction of ATM-dependent pro- and antiapoptotic signals in
response to ionizing radiation in murine lymphoid tissue. Oncogene 25:1584-1592
Ryan LA, Seymour CB, Joiner MC, and Mothersill CE. 2009. Radiation-induced adaptive response is
not seen in cell lines showing a bystander effect but is seen in lines showing HRS/IRR response.
Int J Radiat Biol 85(1):87-95
Seymour CB and Mothersill C 1989. Lethal mutations, the survival curve shoulder and split-dose
recovery. Int J radiat Biol 56(6):999-1010
SmithDM and Raaphorst GP. 2003. Adaptive responses in human glioma cells assessed by clonogenic
survival and DNA strand break analysis. Int J Radiat Biol 79:333-339
Taghian A, Gioioso D, Budach W, and Suit H. 1993. In vitro split-dose recovery of glioblastoma multiforme. Radiat Res 134:16-21
Tapio S and Jacob V. 2006. Radioadaptive response revisited. Radiat Environ Biophys 46(1):1-12
Utsumi H and Elkind MM. 2001. Requirement for repair of DNA double-strand breaks by homologous recombination in split-dose recovery. Radiat Res 155:680-686
Wolff S. 1998. The adaptive response in radiobiology: evolving insights and implications. Environ
Health Perspect 106 Suppl 1:277-283
Zhou H, Randers-Pehrson G, Geard CR, Brenner DJ, Hall EJ and Hei TK. 2003. Interaction between
radiation-induced adaptive response and bystander mutagenesis in mammalian cells. Radiat Res
160:512-516

306

Published by ScholarWorks@UMass Amherst, 2014

15

